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Bacterial chemosensory signal transduction systems that reg-
ulate motility by type IV pili (T4P) can be markedly more com-
plex than related flagellum-based chemotaxis systems. In T4P-
based systems, the CheA kinase often contains numerous
potential sites of phosphorylation, but the signaling mecha-
nisms of these systems are unknown. In Pseudomonas aerugi-
nosa, the Pil-Chp system regulates T4P-mediated twitching
motility and cAMP levels, both of which play roles in pathogen-
esis. The Pil-Chp histidine kinase (ChpA) has eight “Xpt”
domains; six are canonical histidine-containing phosphotrans-
fer (Hpt) domains and two have a threonine (Tpt) or serine (Spt)
in place of the histidine. Additionally, there are two stand-alone
receiver domains (PilG and PilH) and a ChpA C-terminal
receiver domain (ChpArec). Here, we demonstrate that the
ChpA Xpts are functionally divided into three categories as fol-
lows: (i) those phosphorylated with ATP (Hpt4–6); (ii) those
reversibly phosphorylated by ChpArec (Hpt2–6), and (iii) those
with no detectable phosphorylation (Hpt1, Spt, and Tpt). There
was rapid phosphotransfer from Hpt2–6 to ChpArec and from
Hpt3 to PilH, whereas transfer to PilGwas slower. ChpArec also
had a rapid rate of autodephosphorylation. The biochemical
results together with in vivo cAMP and twitching phenotypes of
key ChpA phosphorylation site point mutants supported a
scheme whereby ChpArec functions both as a phosphate sink
and a phosphotransfer element linking Hpt4–6 to Hpt2–3.
Hpt2 and Hpt3 are likely the dominant sources of phosphoryl
groups for PilG and PilH, respectively. The data are synthesized
in a signaling circuit that contains fundamental features of two-
component phosphorelays.
Two-component systems (TCSs)2 are a prominent method
of signal transduction in bacteria and regulate diverse pro-
cesses, including many that impact human health (1, 2). The
canonical TCS features His3 Asp phosphotransfer between a
signal-sensing histidine kinase and the receiver domain of a
partner response regulator, whereby the phosphorylated
response regulator executes an output response. Although this
canonical scheme is common, the basic TCS has evolved a vari-
ety of more complicated circuitries (3). Chemosensory-like
TCSs represent a specialized subset of TCSs that often regulate
cell motility (4, 5). The chemotaxis system that mediates flagel-
lum-based swimming behavior has been extensively character-
ized in the Escherichia coli/Salmonellamodel system (6) as well
as other organisms (7, 8). In the E. coli/Salmonella paradigm,
the chemoreceptor-associated histidine kinase CheA transfers
a phosphoryl group to the CheY response regulator (a stand-
alone receiver domain), which then interacts with the flagellar
motor to control swimming.Another subtype of the chemosen-
sory system regulates bacterial cell motility via type IV pili
(T4P) (5, 9). T4P are filamentous structures on the surface of
many Gram-negative bacteria that function in cell adherence,
biofilm formation, and DNA uptake (10, 11). T4P mediate
twitching and gliding motility, types of surface movement
exhibited by a variety of bacteria (12, 13). In contrast to the
detailed characterization of flagellar chemotaxis, less is known
about the molecular mechanisms of chemosensory systems
that regulate motility by T4P.
Pseudomonas aeruginosa is an opportunistic pathogen that is
pervasive in the environment and a cause of life-threatening
infections for cystic fibrosis patients and other immunocom-
promised individuals (14). P. aeruginosa utilizes an arsenal of
virulence factors for infection (15, 16), including polarly local-
ized T4P, which function in adherence and invasion of host
tissues (17). P. aeruginosa exhibits T4P-mediated twitching
motility and has been used as a model system to better under-
stand this behavior (18). Twitching motility in P. aeruginosa is
regulated by the Pil-Chp chemosensory system (9) and involves
repeated cycles of extrusion, surface adhesion, and retraction of
T4P (10, 19, 20). In addition to regulating twitching motility,
the P. aeruginosa Pil-Chp chemosensory system also regulates
intracellular levels of cAMP (21), a secondmessenger that acti-
vates Vfr, a master transcriptional regulator of genes involved
in P. aeruginosa pathogenesis (22). The relationship between
Pil-Chp regulation of cAMP levels and twitching motility has
yet to be fully elucidated (21, 23); however, it has been recently
proposed that Pil-Chp regulation of twitching motility and
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cAMP synthesis is linked to mechanical tension resulting from
surface attachment of T4P (24).
Proteins comprising the P. aeruginosa Pil-Chp chemosen-
sory system are encoded by the pil-chp operon. The operon
encodes homologs for all of the core flagellar chemotaxis pro-
teins (25) but with some notable differences. As in flagellar sys-
tems, there is a transmembrane chemoreceptor (PilJ), a CheA
histidine kinase (ChpA), and adaptation proteins (ChpB and
PilK). The operon contains two genes encoding CheY-like
response regulators (PilG and PilH) and two genes encoding
CheW-like scaffolding proteins (PilI and ChpC), both present
in one copy in the E. coli chemotaxis paradigm.
A striking difference in the proteins encoded by pil-chp com-
pared with flagellar chemotaxis proteins is the domain archi-
tecture of ChpA, the histidine kinase CheA homolog. Flagellar
CheAs typically contain five domains (Fig. 1A) as follows: a
histidine containing phosphotransfer domain (Hpt; P1); a
CheY-binding domain (P2); a dimerization domain (P3); a cat-
alytic HATPase_c (P4) domain; and a CheW-like scaffolding
domain (P5). ATPbound to theHATPase_c domain reactswith
a conserved His on the Hpt domain. The phosphoryl group is
subsequently transferred to a conserved aspartyl residue on
CheY (a stand-alone receiver domain). In contrast, P. aerugi-
nosaChpA is a large protein composed of 2478 amino acids (cf.
654 in E. coli CheA) (Fig. 1A). Like CheA, ChpA contains Hpt,
dimerization, HATPase_c, and CheW-like domains. However,
ChpA has a string of seven additional “Xpt” domains (9), some
separated from each other by long stretches of residues,
together comprising the N-terminal1800 amino acids of the
protein. Five of the additional Xpt domains are Hpts, predicted
to fold into monomeric helical bundles that contain a phosphor-
ylatableHis at the predicted position. In addition, there is an Spt
domain (predicted to have an Hpt fold but contains a Ser
instead of a His) and a Tpt domain, with a Thr in lieu of the His.
ChpA also contains a C-terminal receiver domain (ChpArec),
which is also present in some flagellar CheAs (26) but is absent
in E. coli CheA.
Phosphotransfer involving theChpA, PilG, andPilHproteins
is essential for functioning of the Chp chemosensory system.
Single substitutions at predicted phosphorylation sites gave a
variety of twitching phenotypes in P. aeruginosa PAO1 (27),
and the ChpA catalytic domain and phosphorylation sites of
PilG and PilH are required for T4P function (28). pilG deletion
mutants phenocopy chpA deletions in multiple assays (21, 28),
suggesting that PilG functions as an output response regulator.
In contrast, pilG and pilH deletion mutants give opposite phe-
notypes for surface pili abundance (21, 28) and intracellular
cAMP levels (21). This could reflect that PilH acts as a phos-
phate sink, acting to keep phosphoryl groups off of PilG (21).
Alternatively, PilH could target protein(s) that have opposite
function to PilG targets, e.g. it has been proposed that PilG
mediates pilus extrusion and PilHmediates retraction (28). The
greatly enhanced complexity of the ChpA domain architecture
(with nine possible phosphorylation sites) relative to flagellar
CheAs (one or two phosphorylation sites) as well as the pres-
ence of two CheY-like stand-alone receiver domains precludes
the prediction of phosphoryl group flow and hence the signal-
ing strategy of the Chp chemosensory system.
Here, we investigated the phosphotransfer reactions of the
P. aeruginosa Pil-Chp system as an essential step in under-
standing how this system regulates twitching motility and
cAMP levels. The Pil-Chp system also serves as a representative
of an entire clade of T4P-based chemosensory systems with
similar protein compositions and domain architectures (5).We
demonstrated that of the eight Xpt domains, three (Hpt4–6)
could be phosphorylatedwithATP in the presence of the ChpA
HATPase_c catalytic domain. These same Hpts plus two oth-
ers,Hpt2 andHpt3, could become reversibly phosphorylated by
ChpArec. The remaining Xpts (Hpt1, Spt, and Tpt) displayed
no detectable phosphotransfer reactivity. Phosphoryl groups
transferred rapidly from all five of the phosphorylated Hpts to
ChpArec and from Hpt3 to PilH, but phosphorylation of PilG
was slower. Taken together, the in vitro studies demonstrated
that ChpArec could act as a phosphate sink or a source of phos-
phoryl groups for Hpts 2 and 3. In vivo analysis of bacteria
containing substitutions at the phosphorylation sites of
ChpArec, Hpt2, and/or Hpt3 indicated that ChpArec operates
upstream of Hpt2 and Hpt3. Furthermore, the genetic analysis
suggested a model where Hpt2 and Hpt3 act as the source of
phosphoryl groups for PilG and PilH, respectively. The in vitro
and in vivo observations are synthesized in a signaling scheme
with features of two-component phosphorelays, a subtype of
TCSwithmultiple reversibleHis7Asp phosphotransfer events
(29, 30).
Results
ChpA Uses ATP to Autophosphorylate Hpt4–6—ChpA in
P. aeruginosa strain PAK is a 2478-residue protein with nine
potential phosphorylation sites (Fig. 1A). To characterize the
phosphotransfer biochemistry of this complex system, we uti-
lized amodular approach via a series of isolated constructs (Fig.
1B). In addition to the single Hpt domain present in E. coli
CheA (designatedHpt6 inP. aeruginosaChpA) (Fig. 1A), ChpA
has five additional Hpt domains (Hpt1–5), an Spt domain (a
conserved Ser in place of the His), and a Tpt domain (a con-
served Thr in place of the His). In CheA, the -phosphoryl
group of an ATP molecule bound to the HATPase_c domain
reacts with the conserved His on the Hpt domain. To investi-
gate whether ChpA could catalyze the reaction of more than
oneHpt domainwithATP, we compared the abilities of various
ChpA constructs containing Hpt6 and/or Hpt5 to incorporate
the 32P-phosphoryl groups from [-32P]ATP. In some con-
structs, one or both His phosphorylation sites were replaced by
a non-phosphorylatableAla or a domainwas deleted. Each con-
struct was designated “ChpA” followed by three letters: the 1st
and 2nd letters indicate the status of Hpt5 and Hpt6, respec-
tively ( for deleted, H for intact His, and A for Ala substitu-
tion); the 3rd letter indicates the status of ChpArec ( for
deleted, D for intact Asp, and A for Ala substitution). Under
buffer conditions optimized for E. coli CheA, ChpA HH,
H, HA, and AH incorporated 32P in a time-dependent
manner until a steady state was achieved (Fig. 2). ChpA AA
incorporated no detectable label, consistent with the predicted
His residues being the sites of phosphorylation. Incorporation
of 32P into both ChpA HA and AH demonstrates that both
Hpt5 andHpt6 react with ATP. The level of 32P incorporated at
Pil-Chp Signaling in P. aeruginosa
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steady state was similar for the three constructs that had one
phosphorylatable His and about twice that for Chp HH, con-
sistent with the phosphorylation reactions not interfering with
each other and that both Hpt5 and Hpt6 can get phosphorylated
on the same molecule. The enhanced kinetics for the estab-
lishment of steady state for ChpA H over the other con-
structs suggests that the physical presence of Hpt5 retarded the
reaction of Hpt6. The modest kinetic enhancement of ChpA
HA over AH could be due to differences in accessibility
and/or inherent reactivities between Hpt5 and Hpt6.
After establishing that at least two Xpts (Hpt5 andHpt6) can
react with ATP in the presence of the ChpA catalytic domain,
we investigated whether any of the other Xpts could react with
ATP. We assessed the abilities of eight isolated Xpt domains
(Hpt1–6, Spt, and Tpt) to react in transwith a ChpA construct
(ChpA AA) that had an active HATPase_c domain but no
phosphorylatable Hpts in cis. Precedence for reactivity of the
CheA Hpt domain with the HATPase_c domain in trans has
been established for both E. coli (31, 32) and Thermotoga mari-
tima (33) CheA. The extent of incorporation of 32P into each of
the eight Xpts upon incubation with ChpA AA and 150 M
[-32P]ATP is shown in Fig. 3A. Hpt5 and 6 both reacted with
ATP, just as they did in cis (Fig. 2), providing a positive control
for the assay. Only one other Xpt (Hpt4) was phosphorylated
under these conditions. There was no detectable phosphoryla-
tion of Hpt1, Hpt2, Hpt3, Spt, or Tpt under the reaction condi-
tions used, although a duplicate Coomassie-stained gel con-
firmed the presence of the proteins in the reactionmix (Fig. 3B).
The sensitivity of the assay is estimated to be about 10% of the
Hpt6 activity. The overall ranking of inherent reactivities with
ATP was Hpt4 Hpt5 Hpt6.
Phosphoryl Groups Can Transfer from Hpt5 and 6 to All
Three Receivers, but ChpArec Is Kinetically Preferred over PilG
and PilH—In flagellar chemotaxis, the single phosphorylated
Hpt on CheA (Fig. 1A) transfers the phosphoryl group rapidly
to the receiver domains of the two response regulators, CheY
and CheB. There are three receiver domains encoded in the
P. aeruginosa pil-chp operon as follows: (i) ChpArec, which
comprises theC-terminal domain of theChpAprotein, and two
stand-alone receivers (ii) PilG and (iii) PilH. ChpB, the CheB
analog, has a pseudoreceiver domain (missing one of the two
conservedmetal-bindingAsp residues and the conserved active
site Ser/Thr) and thus is not predicted to be regulated by phos-
phorylation. To probe the relative propensities of Hpt5 and
FIGURE 1. P. aeruginosa ChpA domain architecture and protein constructs used in these studies. Predicted domains are represented by rectangleswith
Xpt domains (solid gray), combined dimerization/HATPase_c/CheW domains (vertical stripe), and receiver domains (diagonal stripe). A, domain architecture of
full-length ChpA with conserved His (H), Thr (T), Ser (S), and Asp (D) labeled. The domains present in E. coli CheA are indicated; in addition, CheA contains a
CheY-binding (P2) domain absent from ChpA. B, protein construct designations and corresponding domain architectures used in this study. The presence of
conserved His, Asp, Thr, or Ser or its alanine (A) substitution is indicated.
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Hpt6 to transfer to the three receivers, we used the ChpA con-
structs containing both a HATPase_c domain and wild type
versions of eitherHpt5 orHpt6 (Fig. 1B). ChpAHA andAH
were reacted with [-32P]ATP in the presence of each receiver
(ChpArec, PilG, or PilH) in trans (Fig. 4A). In the absence of
added receiver (Fig. 4A, lanes 1 and 6), the ChpA phosphoryla-
tion intensity reflects ChpA autophosphorylation. In the pres-
ence of receiver, the ChpA signal reflects the difference
between rates of ChpA autophosphorylation and phospho-
transfer to the receiver. Similarly, the radioactive signal on the
receiver reflects the difference between rates of phosphotrans-
fer from ChpA and the self-catalyzed autodephosphorylation
(34). For both phospho-Hpt6 (ChpAAH) and phospho-Hpt5
(ChpA HA), low and even substoichiometric concentrations
of ChpArec were sufficient to deplete the ChpA phosphoryla-
tion signal (Fig. 4A, lanes 2, 3, 7, and 8), indicating rapid phos-
photransfer from the Hpt to ChpArec. In contrast, 20-fold
higher concentrations of PilG (Fig. 4A, lanes 4 and 9) or PilH
(lanes 5 and 10) were not sufficient to deplete phosphorylated
ChpA, indicating slower transfer to PilG and PilH. There were
clear bands representing both phosphorylated PilG (Fig. 4A,
lanes 4 and 9) and phosphorylated PilH (lanes 5 and 10) con-
firming that phosphotransfer occurred, albeit at a substantially
slower rate than to ChpArec. Taking into account the amounts
of phospho-ChpA and relative concentrations of ChpArec,
PilH, and PilG, we estimate the inherent phosphotransfer reac-
tivities for both Hpt5 and Hpt6 as ChpArec PilH PilG. In
an experiment identical to that shown in Fig. 4A, ChpA AH
and ChpA HA were found to transfer phosphoryl groups to
the E. coli CheY response regulator at a rate comparable with
that of PilH (data not shown), suggesting that the rates for
transfer to PilG and PilH are not what is expected for a cognate
Hpt/response regulator pair.
Time courses that directly monitor phosphotransfer from
ChpAH (contains onlyHpt6) to the three receiver domains
(ChpArec, PilG, and PilH) were also measured. ChpA H
was reacted with [-32P]ATP, followed by removal of the unre-
acted ATP by size exclusion chromatography. The purified
[32P]ChpH was then mixed with excess ChpArec, PilG, or
PilH. The results following the loss of radioactivity from ChpA
H over time (Fig. 4B) show that phosphotransfer from 1.4
M 32P-labeledChpH to 16MChpArecwas completed by
the first 15-s time point, indicating a rate as rapid as typically
observed with cognate histidine kinase/response regulator
pairs (35). In contrast, transfer to 37 M PilH required more
than 80 s, and transfer to 37MPilGwas still incomplete after 5
min. Thus, the results from the time courses are consistent with
FIGURE 2. Time courses for autophosphorylation of ChpA constructs that
do not contain the C-terminal receiver domain (ChpArec). The ChpA con-
struct (1.4 M) was incubated with [-32P]ATP (150 M) in 50 mM Tris, pH 7.5,
50 mM KCl, 5 mM MgCl2, 2 mM DTT at room temperature. Aliquots were
removed at designated times, and analyzed by SDS-gel electrophoresis fol-
lowed by phosphorimaging analysis. Error bars reflect standard deviations of
2–4 replicates. ChpA HH (closed diamonds); ChpA H (open squares);
ChpA HA (open triangles); ChpA AH (closed triangles), and ChpA AA
(closed circles).
FIGURE 3. Reactivities of the ChpA Xpts with ATP in the presence of the
HATPase_c catalytic domain. ChpA AA (1.9 M) was incubated with each
Xpt (Hpt1–Hpt6, Spt, and Tpt present at 40M) and [-32P]ATP (150M) for 60
min at room temperature. Reaction samples were divided and then electro-
phoresed on two gels for analysis by phosphorimaging (A) and Coomassie
stain (B).
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the steady state experiment (Fig. 4A) and indicate that the rel-
ative rates of phosphotransfer from Hpt6 to the three receivers
as ChpArec PilH PilG.
Phosphotransfer from Hpt5/6 3 ChpArec 3 H2O Occurs
Readily—Having established that Hpt5/63ChpArec is a facile
route for phosphotransfer, we next investigated the subsequent
fate of the phosphoryl group. Autophosphorylation time
courses for the ChpA constructs that contain ChpArec in cis
showed less phosphoryl groups incorporated at steady state
relative to the correspondingChpA construct inwhich the con-
servedAsp onChpArecwas replacedwith a non-phosphorylat-
able Ala (Fig. 4C). This difference is consistent with phospho-
transfer from Hpt5/6 to ChpArec followed by ChpArec
autodephosphorylation (transfer of the phosphoryl group to
water), a process theoretically requiring a fast rate of ChpArec
autodephosphorylation. Subsequent measurement of the rate
of ChpArec autodephosphorylation (1⁄2  80  10 s; Fig. 4D)
indicated that it would indeed be rapid enough to account for
the decreased accumulation of 32P-phosphoryl groups seen in
ChpA constructs with wild type ChpArec (Fig. 4C). The
ChpArec autodephosphorylation half-life was significantly
shorter than that of PilH (11  0.33 min) and PilG (24  4.4
min) (Fig. 4D). A scheme summarizing the phosphotransfer
results so far is shown in Fig. 4E.
FIGURE 4. Reactivities of ChpArec, PilG, and PilH: phosphotransfer from Hpt5 and Hpt6 and autodephosphorylation rates. A, gel phosphorimage of
reactions containing 1.4 M ChpA AH (left set) or ChpA HA (right set) with 30 M [-32P]ATP and either no receiver () or ChpArec (rec), PilG (G) or PilH (H),
present in the indicatedmolar ratio relative to the ChpA construct. Reactions proceeded for 14min before gel separation and phosphorimaging. B, represen-
tative time courses for single turnover phosphotransfer from purified 32P-ChpA H to ChpArec (open circles), PilH (closed triangles), and PilG (closed dia-
monds). The intensities for the phosphorylated receivers were not plotted for clarity. C, representative time courses for autophosphorylation of ChpA HHA
(closed diamonds), ChpAHA (closed squares), ChpAHD (open squares), and ChpAHHD (open diamonds). The reaction conditionswere the same as for Fig. 2
except [-32P]ATPwaspresent at 30M.D, semi-logplotof representative timecourses for autodephosphorylation rates forChpArec (closed circles), PilH (closed
triangles), and PilG (closed diamonds). E, scheme summarizing flow of phosphoryl groups based on data so far. The length of the arrow reflects the magnitude
of the inherent reactivity.
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Reversible Phosphotransfer between ChpArec and Hpt2/
Hpt3—Phosphorelays are a subset of two component systems
that transfer phosphoryl groups according to Scheme 1,
ATP 3 H1 ¡ D1 ^ H2 ^ D2
H2O
2
SCHEME 1
where H1 and H2 represent the phosphorylatable His residues
of a histidine kinase DHp (dimerization and histidine phospho-
transfer) and an Hpt domain, respectively, and D1 and D2 are
the conserved Asp residues on two different receiver domains
(3). TheHpt domain can either be amonomeric (36) or dimeric
(37) 4-helix bundle. Thus, Asp to His phosphotransfer is essen-
tial for operation of phosphorelays. To determine whether any
of the ChpA Xpts that did not detectably react with ATP could
receive a phosphoryl group from ChpArec, a preliminary
experiment entailed reaction of ChpAHDand [-32P]ATP in
the presence of excess Xpt for 90min.Gel phosphorimage anal-
ysis showed no detectable label on Hpt1, Spt, and Tpt, but both
Hpt2 and Hpt3 acquired label, although the great majority of
the label was on the ChpAHD (data not shown). A full time
course for the reaction of ChpA HD with Hpt2 and 30 M
ATP was bell-shaped for incorporation of 32P onto Hpt2 and
ChpA HD (Fig. 5A). In contrast, if ChpA HA (lacking the
ChpArec phosphorylation site) was used under identical reac-
tion conditions, there was no detectable radioactivity on Hpt2,
and ChpA HA did not display a bell-shaped curve but accu-
mulated radioactivity gradually until reaching a steady state
(Fig. 5A, inset). Therefore, the data are consistent with phos-
phoryl group flow from ATP3 Hpt63 ChpArec3 Hpt23
ChpArec 3 H2O. A similar bell-shaped time course was
obtained for Hpt3, except there was less label incorporated into
Hpt3 relative to ChpAHDat the peak (data not shown). Thus
it appears that ChpArec transfers phosphoryl groups to both
Hpt2 and Hpt3 and that the transfer is readily reversible.
Saturation of the ChpArec Active Site Dramatically Increased
Phosphorylation of Hpt2 and Hpt3—As a further test of the
ATP 3 Hpt6 3 ChpArec 3 Hpt2/3 3 ChpArec 3 H2O
model, we predicted that saturating the ChpArec active site
after allowing for incorporation of some 32P into Hpt2/3 would
impair reverse transfer from Hpt2/3 and thus stabilize the sig-
nal on Hpt2/3. To test this prediction, the same reaction con-
ditionswere used that produced the bell-shaped curve for phos-
phorylation of Hpt2/3 (Fig. 5A). The reaction was allowed to
proceed for 10 min (the top of the bell curve), at which time,
excess BeF3, a phosphomimic that binds tightly to the activeFIGURE 5. Reversible phosphotransfer between ChpArec and Hpt2/3. A,
time courses for incorporation of 32P into ChpAHD (closed circles) and His6-
Hpt 2 (closed squares) in a reaction that contained 7.3 M ChpAHD and 34
M Hpt2. The reaction was initiated by the addition of 30 M [-32P]ATP.
Aliquots were removed at the indicated times and analyzed by gel electro-
phoresis and phosphorimaging analysis. The inset shows results from the
identical experiment except ChpA HA was used instead of ChpA HD. B,
effect of excess BeF3
 on the distribution of 32P-phosphoryl groups between
ChpAHDandHpt2. In the left panel, the reactionswere initiatedas forA,and
then 70 M BeF3
 (70 M BeCl2 and 10 mM NaF) was added immediately after
taking the 10-min time point. In themiddle and right panels, 70 M BeF3
was
mixed with 34 M untagged Hpt2 and 7.3 M ChpA HD (middle panel) or
ChpAHA (right panel). 30M [-32P]ATPwas added to initiate the reactions,
and the timepointswere removed at the indicated times.C, effect of addition
of a swamp of unlabeled ATP on the distribution of 32P-phosphoryl groups
between ChpA HD and Hpt2. The reaction was carried out as in A except
that 2mMunlabeledATPwas added immediately after the 10-min timepoint.
D, reactions contained 7.3 M ChpAHD, ChpAHA, or no ChpA construct
(), 56MHpt2,Hpt3, or noHpt (), and30M [-32P]ATP.After 10min, 2mM
ATP was added and the reactions proceeded for 10 min before quenching
and analysis. E, scheme summarizing reversible flow of phosphoryl groups
between ChpArec and Hpt2,3. Binding BeF3
 or saturating the phosphoryla-
tion sites of ChpArec inhibits Hpt2 and 33 ChpArec phosphotransfer (red X)
but continues to allow Hpt4–6 3 ChpArec (green arrow) and ChpArec 3
Hpt2 and 3. The net result is dramatic increase in accumulation of phosphoryl
groups on Hpt2 and 3.
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sites of receiver domains, was added. Notably, rather than the
expected stabilization of the label onHpt2, therewas a dramatic
increase in the label on Hpt2 that continued for over an hour
(Fig. 5B, left panel). The accumulation of label on Hpt2 also
occurred if BeF3 was added before the [-32P]ATP (Fig. 5B,
middle panel). However, no label on Hpt2 was detectable with
ChpAHA (Fig. 5B, right panel) indicating that the enhanced
Hpt2 phosphorylation was entirely dependent on the presence
of the ChpArec site of phosphorylation. Because the amount of
label on Hpt2 was much greater than that accumulated on
ChpAHD (Fig. 5B, left andmiddle panels), it was concluded
that saturating ChpArec with BeF3 allowed phosphoryl groups
from [-32P]ATP to accumulate on Hpt2. An analogous exper-
iment to that described in Fig. 5B (left panel) was carried out
using a high concentration of unlabeled ATP to saturate the
ChpArec active site after allowing reaction of ChpAHDwith
Hpt2 and [-32P]ATP for 10 min. For the unlabeled ATP
swamp reaction (Fig. 5C), the radioactivity that had accumu-
lated on the ChpA HD before the swamp was transferred
onto Hpt2, vastly increasing the amount of 32P-Hpt and dem-
onstrating that Hpt2 is receiving phosphoryl groups from the
ChpAHD protein. This result rules out the formal possibility
that activation of ChpArec (with BeF3 or phosphoryl groups)
somehow allows Hpt2 to react directly with ATP, as this sce-
nario would have caused the Hpt2 signal to diminish rather
than dramatically increase as a result of adding an excess of
unlabeled ATP. The unlabeled ATP swamp gave similar results
for Hpt2 andHpt3 (Fig. 5D, left panel). As a control, no labeling
of Hpt2 and Hpt3 occurred when Chp HA (lacking the
ChpArec phosphorylation site) was used or when either ChpA
HD or Hpt was absent (Fig. 5D, right panel).
An explanation that can account for both the BeF3 and the
unlabeled ATP swamp result (summarized in Fig. 5E) is as fol-
lows. The ChpArec 3 Hpt2/3 3 ChpArec 3 H2O model is
valid. Both the BeF3 (tightly but reversibly bound to the
ChpArec) and the saturating phosphorylation of ChpArec (the
net result of phosphorylation and dephosphorylation) were
effective in preventing Hpt2 3 ChpArec phosphotransfer, as
predicted. But, surprisingly, these same modifications contin-
ued to allow the Hpt6 3 ChpArec phosphotransfer. Hpt6
transfer to ChpArec is intramolecular (versus intermolecular
for Hpt2 to ChpArec) and intramolecular reactions can give
very highly effective local concentrations of reactants that
could drive the reaction. The unlabeled ATP swamp experi-
ment resulted in less radioactivity on Hpt2 than the BeF3 con-
ditions because the unlabeled ATP greatly decreased the spe-
cific activity of the phosphoryl groups that end up on Hpt2.
Thus, saturation ofChpArecwith phosphoryl groups or a phos-
phomimic appears to allow transfer from Hpt6 to ChpArec in
cis but to disallow back transfer fromHpt2 to ChpArec, present
here in trans, as shown in the scheme in Fig. 5E.
Next, we exploited the BeF3 and unlabeled ATP swamp
strategies for sensitive measure of phosphotransfer from
ChpArec to the other Xpts. We used this approach to more
stringently test whether any of the other Xpts that did not react
with ATP (Hpt1, Hpt3, Spt, and Tpt) were able to obtain a
phosphoryl group fromChpArec. Each Xpt was incubated with
ChpHD, [-32P]ATP, and BeF3 and assessed for incorpora-
tion of radioactivity into the Xpt after 90 min. Only Hpt3
behaved like Hpt2 and received a phosphoryl group from
ChpArec (Fig. 6A). Hpt1, Tpt, and Spt did not accumulate any
detectable 32P and thus did not receive a phosphoryl group
from ChpArec. Finally, we tested whether the ATP-reactive
Hpts (Hpt4–6) could receive a phosphoryl group from
ChpArec. Based on earlier results withHpt2 andHpt3 (Fig. 5,C
and D), we evaluated whether label that had accumulated on
ChpA HD transferred efficiently to the Hpt present in trans
when the systemwas swampedwith nonradioactive ATP. All of
the Hpts except Hpt1 received phosphoryl groups with similar
kinetics (Fig. 6B). Therefore, phosphoryl groups were trans-
ferred from phosphorylated ChpArec to all of the Hpts except
Hpt1.
Rapid Phosphotransfer from Hpt2–4 to ChpArec and from
Hpt3 to PilH—In Fig. 4, we demonstrated rapid phosphotrans-
fer fromHpt5 and 6 to ChpArec, in cis and in trans. To evaluate
the reactivities of the other phosphorylatable Hpts (Hpt2–4)
with various receiver domains, we used the unlabeled ATP
swamp approach. The experiment entailed incubation of ChpA
HD, the Hpt, and [-32P]ATP for 10 min, followed by a
swamp of unlabeled ATP to generate appreciable amounts of
[32P]Hpt2–4. These conditions should also result in saturation
FIGURE 6.ChpArecphosphotransfer toXpts under conditionsof ChpArec
saturation. A, single time point analysis for reactions containing BeF3
 as a
sensitive detection of ChpArec to Xpt phosphotransfer. The reactions con-
tained 6MChpAHD, 40MXpt, 70M BeF3
 (70M BeCl2 and 10mMNaF),
and 30 M [-32P]ATP and were incubated for 90 min before quenching and
analysis. B, reactions contained 7.3 M ChpA HD, 56 M HPt, and 30 M
[-32P]ATP. After 10 min, 2 mM unlabeled ATP was added; samples were
removed at designated times for quenching and analysis.
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of the Hpt with phosphoryl groups. We followed with addition
of ChpArec, PilG, or PilH and evaluated time points within the
first 2 min of reaction. This approach is only capable of mea-
suring rapid phosphotransfer because the receiver proteinswill,
in short time, become saturated with unlabeled phosphoryl
groups obtained fromHpt6 on ChpAHD. The results (Fig. 7,
A–C) showed that Hpt2, Hpt3, and Hpt4 all rapidly transferred
to ChpArec. Hpt3 also transferred rapidly to PilH (Fig. 7B),
albeit slower than to ChpArec. None of the Hpts were observed
to rapidly transfer to PilG. This was surprising because PilG has
been proposed to be a functional response regulator that
receives phosphoryl groups from ChpA (28), and many
response regulators are rapidly phosphorylated by their cog-
nate histidine kinase (35) or Hpt (38) under similar assay con-
ditions. The possibility that PilG bound the catalytic Mg2 ion
with relatively low affinity was considered. However, increas-
ing the concentration ofMgCl2 in the phosphotransfer reaction
from 5 to 20mM did not result in rapid phosphotransfer to PilG
(data not shown). A scheme summarizing the in vitro results is
shown in Fig. 8.
ChpA Phosphorylation Site Mutant Phenotypes—Genetic
analysis provides an alternative approach to probe phosphoryl
group flow in the Pil-Chp system. In a previous study (27),
P. aeruginosa strain PAO1was engineered to encodeChpA sin-
gle substitutions with non-phosphorylatable amino acids at
seven of the nine potential phosphorylation sites (all except Tpt
and Hpt6). Single site mutants of Hpt1 and Spt gave wild type
levels of twitching, consistent with our inability to detect phos-
phorylation on these Xpt domains (Figs. 3 and 6). Similarly,
phosphorylation site mutants of Hpt4 and Hpt5 displayed wild
type twitching, which is consistent with the functional redun-
dancy of Hpt4–6, as proposed here. In contrast, phosphoryla-
tion site mutants of Hpt2 and Hpt3 gave partial twitching, and
a phosphorylation site mutant of ChpArec displayed a severe
twitching defect. Here, we carried out further genetic analyses
of mutants in strain PAK altered at the ChpA phosphorylation
sites that gave non-wild type twitching phenotypes in the afore-
mentioned study (27).
cAMP and TwitchingMotility Phenotypes of Hpt2, Hpt3, and
ChpArec Phosphorylation Site Mutants—Twitching motility is
a relatively insensitive measure of Pil-Chp output as it involves
complex interplay between pilus extension and retraction
dynamics, such that gain-of-function and loss-of-function
mutations both result in reducedmotility (28). In contrast, gain
and loss of Pil-Chp function can be distinguished based
on intracellular cAMP levels (21). Specifically, chpA and pilG
deletion strains both display loss-of-function (low cAMP relative
to wild type), indicating phosphorylated PilG (PilGp) is necessary
for cAMPproduction via regulation of the adenylate cyclase CyaB
(21). In contrast, pilH deletion mutants display gain-of-function
(elevated cAMP over wild type), indicating that PilH suppresses
cAMP production (21). Thus, cAMP levels reflect the relative
amount of phosphorylated PilG (PilGp) present.
We engineered strains encoding all seven possible combina-
tionsofnon-phosphorylatablealaninesubstitutionsat thephos-
FIGURE 7. Can Hpt2, Hpt3, and Hpt4 transfer rapidly to ChpArec, PilG, or
PilH?Gel phosphorimages following phosphotransfer fromXpts (Hpt2–4) to
PilG, PilH, and ChpArec. Reactions were initiated by addition of 30 M
[-32P]ATP to mixtures of 7.3 M ChpAHD and 58 M Hpt2 (A), Hpt3 (B), or
Hpt4 (C). After 10 min, a sample was removed and quenched (*), and 2 mM
unlabeled ATP was added to the reaction. At 20 min, a second sample was
removedandquenched (#). Adifferent receiver (indicated)was thenadded to
a final concentration of 30M, and time points were removed and quenched
at various times. The noted times refer to the time after addition of the
receiver domain. The buffer was 50 mM Tris, pH 7.5, 100 mM KCl, 5 mM MgCl2,
and 4 mM DTT.
FIGURE 8. Scheme summarizing in vitro phosphotransfer reactivities
between Pil-Chp domains. The length of the arrow reflects the relative reac-
tivity. Solid black arrows reflect rates measured here. Dashed arrows indicate
the absence of rapid phosphotransfer (experimental design precluded mea-
surement of slower phosphotransfer).
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phorylation sites of ChpArec,Hpt2, and/orHpt3 onto the chro-
mosome of a P. aeruginosa PAK strain lacking the constitutive
low activity adenylate cyclase CyaA and carrying a lacZ
reporter gene under the control of a synthetic cAMP-respon-
sive promoter. As controls, we included isogenic chpA, pilG,
and pilH deletion strains with previously reported phenotypes.
The mutant strains were characterized by a combination of
Western blot analysis for ChpA levels, reporter gene assay for
intracellular cAMP levels, and twitching motility. All mutant
strains produced ChpA at a level closely similar to wild type
except the chpA deletion mutant (chpA), which served as a
negative control in Western blots (data not shown). As such,
differences in cAMP or twitching cannot be attributed to vari-
ation in expression or stability of various ChpA mutants. Con-
sistent with previous results (21), deletion of chpA or pilG
resulted in a significant loss of intracellular cAMP-dependent
reporter activity relative to the wild type strain, whereas dele-
tion of pilH gave cAMP levels that were 3–4 times higher than
wild type (Fig. 9A). Most strikingly, the Hpt3HA mutant
showed gain-of-function resulting in cAMP levels that were
elevated 3–4-fold over wild type and thus phenocopied the
pilH deletion mutant. In contrast, cAMP levels of the Hpt2HA
mutant were slightly lower than wild type levels. The Hpt2HA/
Hpt3HA double mutant gave a cAMP reporter readout similar
to the Hpt2HA mutant, indicating that Hpt2 is epistatic to
Hpt3.
The ChpArecDA single mutant displayed a gain-of-function
phenotype, with cAMP levels elevated about 1.5-fold over wild
type (Fig. 9A). This result suggests that PilG can be phosphor-
ylated even in the absence of ChpArec (i.e. by Hpt4–6), which
is consistent with our observation of phosphotransfer (albeit
slow) from Hpt5 and Hpt6 to PilG. Furthermore, the
ChpArecDA phenotype suggests that like PilH, ChpArec func-
tions to decrease cAMP. This could be due to a combination of
ChpArec actions as a phosphate sink (fast autodephosphoryla-
tion) or its function as a phosphotransfer protein to Hpt3,
which in turn transfers to PilH. Notably, the double mutants
ChpArecDA/Hpt2HA and ChpArecDA/Hpt3HA and the tri-
ple mutant ChpArecDA/Hpt2HA/Hpt3HA all had levels of
cAMP that were indistinguishable from the ChpArecDA single
mutant (Fig. 9A). This result indicates that ChpArec is epistatic
to Hpt2 and Hpt3; thus, Hpt2 and Hpt3 function downstream
from ChpArec, which is consistent with the scheme assembled
FIGURE 9. P. aeruginosa Pil-Chp-dependent phenotypes are modulated
by phosphotransfer events involving Hpt2, Hpt3, and ChpArec in vivo.
Intracellular cAMP production (A) and twitching motility (B) were measured
for a wild type (wt) version of P. aeruginosa strain PAK, a chpA deletion strain
(chpA), and chpA chromosomal substitution mutants in which the site of
phosphorylation was ablated in ChpArec (rec), ChpAHpt2 (Hpt2), ChpAHpt 3
(Hpt3), individually and in all possible combinations. Previously reported
deletion mutants of pilG (pilG) and pilH (pilH) were included for compari-
son. Cyclic AMP was assessed using a synthetic transcriptional reporter
(lacP1lacI-lacZ), where -galactosidase activity is directly proportional
to intracellular cAMP accumulation (21). The parental strain PAK
cyaA::lacP1lacI-lacZ, which lacked the minor adenylate cyaA, served as the
wild type genetic background for all mutants. cAMP reporter assays were
repeated a minimum of three times, and data represent average reporter
activity  S.E. Reporter activity was significantly different (p 	 0.05) for all
strains compared with wild type. Twitching motility was measured as the
diameter of bacterial subsurface spread 43 h post-inoculation to the plastic-
agar interface (21). Twitching motility data represent the average for a mini-
mum of seven experimental replicates  S.E. Zones of motility were signifi-
cantly different (p	 0.0001) for all strains comparedwithwild type.C,plots of
cAMP-dependent reporter activity versus twitching motility diameter using
the data from A and B. The results are shown for wild type (open circle) and
different mutant groupings as follows: pilG, chpA (closed circles); Hpt2HA,
Hpt2HA/Hpt3HA (closed squares); ChpArecDA, ChpArecDA/Hpt2HA,
ChpArecDA/Hpt3HA, ChpArecDA/Hpt2HA/Hpt3HA (closed triangles); pilH,
Hpt3HA (closed diamonds). The error bars representS.E.
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in Fig. 8 from biochemical results and forms the framework for
a holistic scheme that includes conclusions based on the
genetic results (Fig. 10A). In this scheme, phosphoryl groups
cannot reach Hpt2 or Hpt3 in either the ChpArecDA single
mutant or theHpt2HA/Hpt3HAdoublemutant. The increased
level of cAMP in the formermutant compared with the latter is
consistent with loss of phosphoryl groups from the system by
rapid autodephosphorylation of ChpArec when present.
The observation that the Hpt3HAmutant gave a cAMP phe-
notype similar to the pilH deletion mutant is consistent with
our demonstration of rapid phosphoryl group transfer from
Hpt3 to PilH, and thus both the biochemistry and genetics sup-
port a schemewhereby the primary path for phosphorylation of
PilH is through Hpt3 (Fig. 10A). However, the observation that
addition of the hpt2HA mutation to the hpt3HA mutation
diminished cAMP to near the levels seen in the Hpt2HA
mutant indicates that the Hpt3 gain-of-function phenotype is
contingent on the presence of the Hpt2 conserved histidine.
This epistasis could be explained by inclusion of phosphotrans-
fer fromHpt2 to PilG as the preferred route for PilG phosphor-
ylation in our model. In the absence of functional Hpt3, phos-
phoryl groupswould be routed throughHpt2 to PilG to give the
gain-of-function phenotype. Inclusion of Hpt2 to PilG phos-
photransfer suggests that the Hpt2HA mutant should have a
loss-of-function phenotype, which was not observed. However,
also incorporating reverse phosphotransfer (a common feature
of Hpt domains) from PilG to Hpt3 resulted in a model (Fig.
10A) that was able to account for all of the cAMP phenotypes.
Specifically, the Hpt3HA mutant would not dephosphorylate
PilG, leading to high cAMP. In the Fig. 10A model, wild type
cAMP levels arise from the balance between rapid rates of PilG
phosphorylation via Hpt2 and dephosphorylation via Hpt3.
The Hpt2HA and Hpt2HA/Hpt3HA mutants could give near
wild type levels of cAMP by being impaired in both PilG phos-
phorylation (no Hpt2) and dephosphorylation (Hpt3 either
missing or saturated with phosphoryl groups redirected from
Hpt2 and so unable to accept phosphoryl groups from PilG).
Phosphotransfer from Hpt2 to PilG was not observed in our
biochemical assays, but our assay was only sensitive to rapid
transfer; in the case of Hpt5 and 6, there was evidence for trans-
fer to PilG in vivo despite slow rates in vitro. Reverse phospho-
transfer from PilG or PilH to any Hpt was not assessed in vitro.
Thus, the genetics suggest that PilG can receive phosphoryl
groups fromHpt4-6, but the preferred route of transfer may be
from Hpt2, and the primary route of loss may be via Hpt3.
Correlation of Twitching and cAMP Phenotypes—The same
set ofmutants was evaluated for type IV pilimediated twitching
motility (Fig. 9B). The chpA and pilG deletion mutants exhib-
ited minimal twitching, as observed previously (21, 28). The
Hpt3HA and pilH mutants, which shared strong gain-of-
function cAMP phenotypes (Fig. 9A), exhibited similar twitch-
ing defects with zone expansion rates 34–45% of the wild type
strain. Likewise, all four mutants containing the ChpArecDA
substitution (ChpArecDA, ChpArecDA/Hpt2HA, ChpArecDA/
Hpt3HA, and ChpArecDA/Hpt2HA/Hpt3HA), which shared
similar modest gain-of-function cAMP phenotypes, gave simi-
lar twitching rates of 53–64% of wild type. Thus the twitching
data are also consistent with the ChpArec mutant being epi-
static (upstream) to both Hpt2 and Hpt3. Finally, the Hpt2HA
and Hpt2HA/Hpt3A mutants, which had cAMP phenotypes
just slightly lower than wild type, also had similar twitching of
86–90% of wild type. Our twitching result for ChpArecDA
(partial twitching) was inconsistent with previous results
reported for P. aeruginosa strain PAO1, which was reported to
have an absolute defect in twitching (27). To validate our
results, we utilized a second strategy inwhich the chpA deletion
mutant was complemented with either wild type ChpA or
ChpArecDA expressed from a plasmid at wild type levels as
confirmed byWestern blots. Plasmid complementation yielded
results for both twitching and cAMP phenotypes that were
indistinguishable from chromosomal expression (data not
shown).
Groupingmutants based on twitchingmotility gave the same
groupings described above for cAMP phenotypes. Further-
more, replotting the Fig. 9, A and B, data as twitching motility
versus the cAMP reporter for wild type and the four groups of
mutants yields a bell-shaped curve (Fig. 9C) in which wild type
displays optimal twitching, and both elevated and diminished
levels of cAMP correlate with impaired twitching. Because
twitching motility is largely independent of cAMP in strain
PAK (21), this correlation presumably reflects underlying dif-
ferences in PilGp and/or PilHp that influence cAMP and
twitching independently.
FIGURE 10. Pil-Chp system displays fundamental features of TCS phos-
phorelays. A,workingmodel of phosphoryl group flow in Pil-Chp taking into
account both biochemical and genetic data. The portions of the model sup-
ported by both biochemistry and genetics are colored black; reactions sup-
portedbygenetics only are colored cyan. Phosphotransfer fromHpt5and6 to
PilH (not shown) was observed in vitro, but there was no genetic test for this
reaction. There was no biochemical demonstration of Hpt4 to PilG phospho-
transfer. B, general schemes of phosphoryl group flow in TCS phosphorelays
(upper panel) and within the Pil-Chp system (lower panel) are similar. The
fusion of the various reactive domains into a single polypeptide chains is
indicated by brackets. RR stands for response regulator.
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Taken together, previously reported genetic data (21, 27) as
well as the phenotypes of seven newmutants reported here are
consistent with multiple fundamental features of the Chp/Pil
signaling network deduced from our biochemical results. In
particular, all genetic results are consistent with the intramo-
lecular phosphoryl group flow within ChpA proposed here.
However, some aspects of the genetic data suggest the scheme
based on biochemical results alone was incomplete. In particu-
lar, the preferred routes of phosphotransfer to and from PilG
suggested by genetics were not revealed by the biochemistry.
Discussion
Multiple Xpts with Differential Phosphotransfer Reactivities—
Chemosensory systems specialized to mediate motility by T4P
contain multiple Xpt domains within their CheA analogs (5).
The current Pfam 29.0 database (pfam.xfam.org) (39) lists
domain architectures for probable CheAs containing 2–8
N-terminal Xpt domains. Together, these architectures com-
prise 158 representative proteins, withmost representingmany
individual sequence entries. All but one of the 158 proteins have
a C-terminal receiver domain, suggesting that multiple Xpts
and a C-terminal receiver are functionally related.
This work represents the first biochemical analysis, of which
we are aware, of aCheAwithmultipleXpts. All eight of theXpts
were stably overexpressed as isolated domains and easily puri-
fied, consistent with modeling that predicted that each Xpt
would form amonomeric domainwith a four-helix bundle core
(9). However, onlyHpt4–6 reactedwithATP in the presence of
the ChpA HATPase_c domain to become phosphorylated.
Once phosphorylated, Hpt4–6 transferred rapidly and revers-
ibly toChpArec. In contrast,Hpt2 and 3 (separated in theChpA
primary sequence fromHpt4–6 by Spt) did not reactwithATP;
however,Hpt2 and 3 could reversibly obtain phosphoryl groups
from ChpArec. Spt, Tpt, and Hpt1 did not become phosphory-
lated by either ChpArec or ATP in these studies.
Accounting for Differential Xpt Phosphorylation with
Sequence Variation—To what extent were the differential abil-
ities of the Xpts to get phosphorylated consistent with known
structural elements that modulate the different phosphotrans-
fer reactions? For the reaction of the CheAHptwithATP, a trio
of residues, Glu at position H  22 (22 residues C-terminal to
the phosphorylated His), Lys at position H  3, and His at
position H19, form a hydrogen bonding network that orients
and enhances the nucleophilicity of the attacking His and is
required for optimal reactivity (32, 33, 40). Inspection of the
Xpt residues at the three positions indicates that P. aeruginosa
Hpt4–6, the only Xpts to give detectable phosphorylation with
ATP, contain all three hydrogen bonding residues; Hpt2 and
Hpt3 have the Lys and Glu, but not the His at H 19; Hpt1 has
only the Glu; Spt and Tpt have none of the requisite residues
(data not shown). Thus, the differences in Xpt reactivities with
ATP (Fig. 3) are consistent with the known enzymology of ho-
mologous systems.
The absence of detectable phosphotransfer fromChpArec to
Hpt1 (in contrast to the easily detectable transfer to Hpt2–6,
see Fig. 6B) may be due to weak binding and/or the absence of
residues on Hpt1 that provide catalytic support for the phos-
photransfer. Comparison of residues predicted to be at theHpt/
ChpArec interface based on the Rhodobacter sphaeroides
CheA2 Hpt-CheY6 complex crystal structure Protein Data
Bank code 3KYJ (41) reveals that Hpt1 does not share any of the
four predicted interface residues located on the A helix of
Hpt2–6, including a conserved Phe, and only three out of the
six residues on the B helix (data not shown), consistent with
the possibility that Hpt1 has diminished affinity for ChpArec.
Additionally, the Lys at position H 3 that is found in Hpt2–6
and is missing from Hpt1 is required for efficient phosphoryla-
tion of the YPD1 Hpt protein by partner and non-partner
receiver domains (42). Similarly, the absence in Hpt1 of an Arg
at position H 3 that is present in Hpt2–6 may contribute to
the diminished reactivity of Hpt1 (32).
Like Hpt1, Spt and Tpt also failed to be phosphorylated by
ChpArec. In this case, the absence of detectable phosphotrans-
fer from ChpArec to Spt and Tpt likely has large contributions
from the diminished inherent nucleophilicities of Ser/Thr ver-
sus His. Amino acids with hydroxyl side chains, unlike His, are
not in their most nucleophilic state at neutral pH. Enzymatic
phosphorylation of Thr/Ser/Tyr generally requires specific cat-
alytic machinery such as a residue to act as a general base that
deprotonates the hydroxyl group to make it more nucleophilic
(43). In contrast, there is no necessity for a general base (nor has
there been one identified) for HATPase_c domains nor for Asp
to His transfer. In addition to the absence of a general base, the
Tpt and Spt domains also lack multiple residues present in
Hpt2–6 that are predicted to be at the receiver domain inter-
face (data not shown).With no positive evidence for phosphor-
ylation, and wild type twitching motility displayed by strains
containingHpt1 and Spt phosphorylation sitemutants (27), the
roles of the Hpt1, Spt, and Tpt in Pil-Chp signaling have yet to
be established.
cAMP Phenotypes Suggest Sources of Phosphoryl Groups for
the PilG Response Regulator—Here, we saw phosphotransfer in
vitro from all of the phosphorylatable Hpts (Hpt2–6) to
ChpArec, even in trans, with the rapid kinetics expected for a
cognate histidine kinase/response regulator. Additionally, we
observed rapid transfer from Hpt3 to PilH, and this result
together with the phosphorelay scheme suggested a route to
phosphorylate the PilH response regulator (ATP3Hpt4–63
ChpArec3Hpt33 PilH), which was supported by the genetic
result that theHpt3HAmutant phenocopied thepilHmutant.
However, the biochemistry did not reveal an Hpt that trans-
ferred rapidly to the PilG response regulator and thus did not
reveal a likely pathway for phosphoryl groups to flow to PilG. In
contrast, the genetic data suggested that PilG could receive
phosphoryl groups from Hpt2,4,5, and 6 in vivo. With genetic
evidence consistent with Hpt2 andHpt4–6 as sources of phos-
phoryl groups for PilG, it is not clear why PilG was not rapidly
phosphorylated by these Hpts in our biochemical assays. It is
possible that rapid transfer to PilG requires experimental con-
ditions (e.g. buffer, ionic strength) different from ours or that
our purified PilG was not optimally folded. It is also possible
that rapid phosphotransfer to PilG requires another protein or
other cofactor that was not present in our in vitro assays. This
cofactor could potentially function to bind to PilG and/or the
Hpt to enhance Hpt to PilG phosphotransfer, either by chang-
ing protein conformation or by increasing local concentration
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of reactants. Many flagellar CheAs have a specialized CheY-
binding domain (“P2 domain”) that contributes significantly to
the binding energy with CheY. However, a P2 domain is not
present in ChpA. PilG was slower to phosphorylate not only
with the isolatedHpts but alsowith the larger ChpA constructs.
Thus, if a cofactor exists, it is likely a factor that is not part of the
ChpA constructs used here.
P. aeruginosa ChpA Functionally Resembles an Unorthodox
Histidine Kinase—Division of the phosphorylatable Hpts into
those that react with ATP and those that react only with
ChpArec conferred essential properties of two-component
phosphorelays to the Pil-Chp signaling circuit (Fig. 10B). Phos-
phorelays are a common variation of the two-component sys-
tem (3) that contains sequential His (H1) 3 Asp (D1) 7 His
(H2) 7 Asp (D2) phosphotransfer. The second two steps are
reversible, and often phosphoryl groups are lost from the sys-
tem via D1 autodephosphorylation (Scheme 1) (44, 45). In Pil-
Chp, theATP-reactiveChpAXpts (Hpt4–6) have a similar role
as the phosphorelay DHp domain (H1), whereas the ATP-un-
reactive Xpts (Hpt2 and 3) play the role of H2. ChpArec plays
the role of D1 in that it can act as both a phosphotransfer pro-
tein and a phosphate sink (removes phosphoryl groups from the
system via autodephosphorylation). Our genetic analysis sup-
ported this essential scheme. Epistatic analysis based on two
different phenotypes, cAMP levels and twitching motility, of
the four mutants that include chpArecDA indicated that Hpt2
and Hpt3 function downstream of ChpArec. Furthermore, the
genetics supported the conclusion that ChpArec had roles as
both a phosphotransfer protein and as a phosphate sink. How-
ever, unlike canonical phosphorelays, it appears that Pil-Chp
hasmultiple copies ofH1- andH2-containing domains and that
ChpA H1 domains (Hpt4–6) can also transfer to D2, the ter-
minal response regulators, PilG andPilH.H1 toD2 transfer also
occurs in the ArcAB phosphorelay, although at a slower rate
than the H1 3 D1 3 H2 3 D2 transfer (29). In addition,
because the domains containing H1 are Hpt domains in the
Pil-Chp system (in contrast to a DHp domain in phosphore-
lays), the H1 to D1 transfer is bidirectional in the Chp system
insteadofunidirectionalas inphosphorelays.Thechainofphos-
phorylation sites in basic phosphorelays endows such pathways
with potentially useful signaling properties such as non-linear
stimulus/response characteristics, multistate stability, and
robustness to noise (46–50). The additional parallel and revers-
ible pathways evident within ChpA presumably confer further
signal transduction attributes upon proteins with multiple Hpt
domains. The existence of proteins with multiple Hpt domains
attests to the evolutionary value of such arrangements, but the
exact contribution of the additional elements remains to be
discerned.
Within phosphorelays, there is variation as to how the phos-
phorylatable domains are arranged on polypeptide chains. In
some phosphorelays (e.g. the Spo0 system that regulates initia-
tion of Bacillus subtilis sporulation), the functional domains
carryingH1, D1, H2, andD2 are all on separate proteins, so that
all phosphotransfer is intermolecular. Alternatively, another
subfamily of phosphorelay systems (e.g. the S. cerevisiae osmo-
regulatory pathway) contains a “hybrid kinase,” a single poly-
peptide that contains both the DHp domain (containing H1)
and a C-terminal receiver domain (D1) so that H1 to D1 trans-
fer is an intramolecular event. In these systems, an Hpt domain
(H2) and terminal response regulator (D2) are separate pro-
teins. In the yeast osmoregulatory system, the separate Hpt
(H2) domain (YPD1) is phosphorylated by a cell membrane-
associated hybrid kinase (SLN1) and then shuttles between the
cytoplasmandnucleus to transfer phosphoryl groups to the two
terminal response regulators (51). Finally, another class of
phosphorelays (represented by the well characterized ArcAB
and BvgAS systems) contains an “unorthodox” kinase that con-
tains H1, D1, and H2 domains, so all phosphotransfer between
H1, D1, and H2 occurs intramolecularly. P. aeruginosa ChpA
thus functionally resembles an unorthodox histidine kinase in
thatH1,D1, andH2domains are on the samepolypeptide chain
(Fig. 10B). The arrangement of the H1 (Hpt4–6), D1
(ChpArec), and H2 (Hpt2 and 3) phosphotransfer domains in
space in the context of the ChpA dimer will inevitably affect the
local concentrations of the reacting domains and hence the
rates of the phosphotransfer reactions.
Experimental Procedures
Plasmid Construction and Mutagenesis for Purified
Proteins—DNA encoding each protein construct was obtained
by PCR using P. aeruginosa strain PAK (GenBankTM accession
NZ_KE137323.1) genomicDNAas template (21). In addition to
the complementary region, primers for each construct also
contained a restriction enzyme recognition site (NdeI for the
forward primer and either HindIII or BamHI for the reverse
primer) and a 6-bp random sequence overhang to allow effi-
cient restriction enzyme cleavage. PfuTurbo (Agilent Technol-
ogies) was used as the polymerase, and yields were sometimes
optimized with inclusion of betaine (1.2 M), DMSO (8% v/v), or
formamide (4% v/v) in the amplification mix. PCR products
were purified from the reaction mix (Qiagen PCR Cleanup),
cleaved with NdeI and either HindIII or BamHI (New England
Biolabs), and gel-purified (Qiagen). The purified fragments
were ligated between the NdeI and HindIII/BamHI sites in the
pET28a vector (Merck Millipore), and the final construct was
confirmed by sequencing. The final expression vector encoded
proteins with anN-terminal thrombin-cleavableHis6 tag. After
thrombin cleavage, there was an additional GSH tripeptide
present at the N terminus of each protein construct. Site-di-
rected mutagenesis was carried out using QuikChange meth-
odology (Agilent Technologies). All mutations were confirmed
by sequencing the entire gene. The residue compositions of the
ChpA constructs (Fig. 1B) were as follows. Constructs with
N-terminal Hpt5 start at residue 1525; constructs with N-ter-
minal Hpt6 start at residue 1674; and constructs with ChpArec
absent end at 2334. The residue spans for the isolated Xpt
domains are as follows: Hpt1(1–135); Tpt(425–559); Hpt2
(863–994); Hpt3(1032–1171); Spt(1180–1309); Hpt4(1356–
1486); Hpt5(1525–1656); and Hpt6(1674–1807). Isolated
ChpArec contained ChpA residues 2352–2478.
Protein Expression and Purification—Overnight cultures of
E. coli BL21(DE3) transformed with the appropriate pET28a
expression plasmid were inoculated into 1 or 2 liters of LB
media supplemented with kanamycin (30 g/ml). Cultures
were grown to an absorbance at 600 nm of 0.4 to 0.6 and
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induced with 0.5 or 1 mM isopropyl -D-1-thiogalactopyrano-
side. Expressionwas allowed to proceed overnight at room tem-
perature with shaking. Cells were harvested, resuspended in
lysis buffer (50mM sodiumphosphate, pH 8.0, 300mMNaCl, 10
mM imidazole), and lysed by probe tip sonication (five times
1-min pulses on ice). The lysed cells were centrifuged
(120,000
 g, 45min) to sediment insolublematter. The cleared
lysate was applied to a 2-ml nickel-nitrilotriacetic acid affinity
column (Qiagen); the column was washed (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole), and the
protein was eluted (50 mM sodium phosphate, pH 8.0, 300 mM
NaCl, 150mM imidazole). The protein pool was incubated with
human -thrombin (Hematologic Technologies Inc.) 1:1000–
10,000 (w/w thrombin to protein) overnight at 4 °C. For the
higher molecular weight ChpA constructs that contained a
dimerization domain (Fig. 1B), the cleaved protein was gel-fil-
tered on a 2.6
 95-cmSuperose 12 column inTEDGbuffer (50
mM Tris, pH 7.5, 0.5 mM EDTA, 5 mM DTT, and 10% (v/v)
glycerol). In each case, the purified construct eluted at a posi-
tion consistent with formation of a dimer of chains that varied
from72 to 105 kDa. The thrombin-cleaved pools for the smaller
constructs (Hpt1–6, Tpt, Spt, ChpArec, PilG, and PilH) were
gel-filtered in TEDG on a Superdex 75 1660 column and eluted
as monomers. Fractions containing pure protein were pooled,
concentrated, divided into aliquots, and stored at80 °C. Pro-
tein concentrations were determined by the Bradford assay
(Bio-Rad) using bovine serum albumin as a standard.
Phosphotransfer Experiments Using 32P-Phosphoryl Groups—
A variety of phosphotransfer reactions were monitored by
quantitative detection of 32P-labeled phosphoproteins by phos-
phorimaging analysis of SDS-polyacrylamide gels (52). Unless
stated otherwise, the buffer was TKMD (50mMTris, pH 7.5, 50
mM KCl, 5 mM MgCl2, and 2 mM DTT), and reactions were
carried out at room temperature. Experiments fell into two
broad groups: 1) time courses where the distribution of 32P was
determined at various time points for a single reaction, or 2)
single time point experiments where the distribution of 32P was
determined formultiple reactions on a single gel at a single time
point. In all cases, aliquots from reactions were removed and
immediately quenched with an equal volume of 2
 SDS-PAGE
sample buffer. A portion of the quenched samples (8 l) was
electrophoresed on an 18% (w/v) SDS-polyacrylamide gel; the
gel was dried, and distribution of 32P on the various proteins
was determined by phosphorimaging analysis (GE Storm or
Typhoon) and reported as phosphorimaging units.
For ChpA autophosphorylation time courses (Figs. 2 and
4C), the ChpA construct (1.4 M) was incubated with
[-32P]ATP (30M or 150M final concentration) in a reaction
volume of 60 l. The [-32P]ATP was prepared by mixing
[-32P]ATP (PerkinElmer Life Sciences, 6000 Ci/mmol) with
unlabeled ATP. At various times after reaction initiation, ali-
quots (7l) were removed and quenched with an equal volume
of 2
 SDS sample buffer. An analogous procedure was used for
determining time courses for distribution of 32P betweenChpA
HD (7.3 M) and Hpt2 (34 M) upon addition of 30 M
[-32P]ATP (Fig. 5A). This reaction was modified by the addi-
tion of 70MBeF3 (formed in situ from70MBeCl2 and 10mM
NaF) or 2 mM unlabeled ATP after the reaction had proceeded
for 10 min.
Single time point reactions were used to characterize the
reactivities of each Xpt domain (Hpt1–6, Spt, and Tpt) with
ChpAAA. ChpAAA (1.9M) was incubated with each Xpt
(Hpt1–Hpt6, Spt, and Tpt at 40 M) and [-32P]ATP (150 M)
for 60min at room temperature. Reaction sampleswere divided
and then electrophoresed on two gels for analysis byCoomassie
stain and phosphorimaging. To assess relative reactivities of
ChpArec, PilG, and PilH, 1.4 M ChpA HA, or ChpA HA
was incubated with either ChpArec, PilG, or PilH (1–22 M),
and 30 M [-32P]ATP. Reactions proceeded for 14 min before
samples were quenched and subjected to electrophoresis and
phosphorimaging.
Isolation of [32P]ChpA–H and Use for Measuring Phospho-
transfer to ChpArec, PilG, and PilH—ChpAH (20 M) was
mixed with 100 M [-32P]ATP in 50 mM Tris, pH 7.5, 7 mM
MgCl2, 50 mM KCl, and 2 mM DTT in a total volume of 150 l.
After 10 min of reaction time at room temperature, 45 mg of
solid ammonium sulfatewas added andmixed, and the reaction
was incubated on ice for 20 min to precipitate the protein. The
sample was centrifuged, and the supernatant (containing the
majority of the unincorporated ATP) was transferred to waste.
The pellet (containing precipitated protein)was resuspended in
200 l of TEG (50 mM Tris, pH 7.5, 0.5 mM EDTA, 10% (v/v)
glycerol) and chromatographed on a G-100 column in TEG to
separate the phosphorylated protein from remaining free ATP.
For measurement of phosphotransfer kinetics, purified
[32P]ChpA H (0.34–0.44 M) was diluted into reaction
buffer (100 mM Tris, pH 7.5, 10 mMMgCl2), and an aliquot was
removed and quenched with 2
 sample buffer for a zero time
point. The phosphotransfer reaction was initiated by addition
of excess receiver (16.4M for ChpArec or 37M PilG or PilH).
Aliquots were removed at desired time points, quenched with
2
 sample buffer, and analyzed by SDS-gel electrophoresis and
phosphorimaging as described above. The intensity of the zero
time point was corrected for the differences in total reaction
volume due to the addition of the receiver domain.
Receiver Domain Autodephosphorylation Rate Constants—
Themethod was based on a previously described protocol (52).
Reactions were initiated by mixing 32P-labeled ChpA H
(0.4- 0.5 M) with 37 M ChpArec, PilH, or PilG in a total vol-
ume of 60 l. For ChpArec, where phosphotransfer was com-
plete within 15 s, aliquots (7l) were removed and quenched in
2
 sample buffer at time points spanning 15–300 s. For PilG
and PilH, aliquots were similarly removed over a span of 5–60
min. At the 5-min time point, at least 95% of the 32P had been
transferred to PilG or PilH. The samples were electrophoresed
andphosphorimaged as described above. The signal intensity of
the phosphorylated receiver was plotted as a function of reac-
tion time. The data were fit to a single exponential decay (Prism
6) to give the autodephosphorylation half-life. The experiment
was carried out in duplicate or triplicate and the average and
standard deviation reported.
Construction of Combinatorial P. aeruginosa ChpA Hpt2,
Hpt3, and ChpArec Phosphorylation Site Mutants for in Vivo
Studies—To construct a ChpArec phosphorylation site muta-
tion, the receiver domain region of chpA was amplified as two
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separate but overlapping fragments, such that the overlapping
portion of the sequences introduced an Asp to Ala codon sub-
stitution. The substitution was designed to simultaneously
introduce a unique MscI endonuclease restriction site. The 5
fragment was amplified using primers 5fwd chpArecDA (5
AttB1-ACCTCAGCGATCATGAAGTGCTGC) and 5rev
chpArec (5 GCGCGGCATCTCGATGGCCAGCAGGAGG-
ATGTC). The 3 fragment was amplified using primers 3fwd
chpArec (5 GACATCCTCCTGCTGGCCATCGAGATGCC-
GCGC) and 3rev chpArec (5 AttB2-GCGGACGTTCTTCA-
CATGCCACTG). The resulting fragments were joined by
splice PCR using AttB1 and AttB2 primers. The spliced frag-
ment was inserted into plasmid pDONR201 by Gateway Clon-
ing Technology (ThermoFisher). Correct assembly was con-
firmed by sequencing. The mutagenized rec domain
fragment was transferred to the P. aeruginosa suicide plas-
mid pEXG2GW by Gateway cloning and mated with the
parental P. aeruginosa strain PAKcyaA::lacP1lacI-lacZ.
This strain (denoted as wild type for this study) lacks the
minor adenylate cyclase cyaA and carries a synthetic chro-
mosomal reporter gene for indirect assessment of intracel-
lular cAMP (21). Introduction of the ChpArec Asp to Ala
substitution mutation onto the chromosomal copy of chpA
was determined by PCR of the chromosomal chpArec region
followed by restriction digest with MscI. Positive candidates
were confirmed by sequencing.
To construct Hpt2 and Hpt3 phosphorylation site substitu-
tion mutations, a 2243-bp region of chpA, encompassing the
Hpt2 and Hpt3 domains, was amplified from full-length chpA
using the primers 5Hpt23 (5AttB1-AGCGACGACAACTG-
GACCCTTG) and 3Hpt23 (3AttB2-CGACACCATTTCCT-
CGTCCAGC). Primers were tailed with AttB sites for recom-
binational cloning. The fragment was introduced into plasmid
pDONR201 by Gateway cloning. Codons for the phosphor-ac-
ceptingHis residues ofHpt2 andHpt3weremutagenized toAla
by QuikChange site-directed mutagenesis (Agilent) using
primers GAGGTACGCCGTGCCTTCGCGACCCTCAAGG-
GCAGCGGACGG and GCCTTGCAGCGTGCCCTGGC-
CACCCTCAAGGGTAGCGCGC, respectively. The altered
codons were designed to introduce NruI and MscI restriction
endonuclease cleavage sites at the substitution positions in
Hpt2 and Hpt3, respectively. The mutagenized fragments were
sequence-confirmed and moved by Gateway cloning to the
P. aeruginosa suicide vector pEXG2GW(21). The resulting sui-
cide vectors were mobilized into the parental strain
PAKcyaA::lacP1lacI-lacZ with and without the ChpArec
phosphorylation site mutation to generate Hpt2, Hpt3, and
Hpt23 substitution mutations in the chromosomal copy of
chpA. Incorporation of the mutations was determined by PCR
of the chromosomal chpAHpt23 region followed by restriction
digest with NruI andMscI. Positive candidates were confirmed
by sequencing.
In Vivo Assays—All phenotyping experiments utilized the
seven combinations of theHpt2,Hpt3, andChpArec phosphor-
ylation site mutations and previously described derivatives of
P. aeruginosa strain PAK (21). Twitching motility and cAMP
reporter assays were performed as described previously (21).
For routine passage, E. coli and P. aeruginosa strains were
maintained at 37 °C in LB broth or on LB agar. Growth was
monitored by absorbance at 600 nm. For Western blottings,
whole cell lysates were prepared from culture aliquots obtained
at A600  0.5–1.0 as described previously (21). Proteins were
separated on 4–15% gradient SDS-polyacrylamide gels (Bio-
Rad), transferred to nitrocellulose, and simultaneously probed
with rabbit anti-ChpA sera and mouse monoclonal antibody
specific for the -subunit of RNA polymerase (RNAP) (Neo-
clone). ChpA antiserum was generated in rabbits immunized
with purified ChpA construct (Cocalico Biologicals). Anti-
RNAP antibody was included as a loading and normalization
control as reported previously (53). Antigen-antibody com-
plexes were detected using goat anti-rabbit IRDye800CW and
goat anti-mouse IRDye680LT (LI-COR) and visualized using a
LI-COROdyssey Classic Infrared Imaging System andOdyssey
Software version 3.0. ChpA and RNAP band intensity was
quantified using ImageJ (53, 54).
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